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Chaperones
 
as Buffering Agents?
 
Thomas Mitchell-Olds and Charles A. Knight 
D
oes evolution draw on existing ge­
netic variation in animals and plants 
or must it wait around for new mu­
tations to arise? Sixty years ago, Wadding­
ton argued that cryptic genetic variation is 
present for many traits, but that expression 
of these variants under normal environ­
mental conditions is prevented by a process 
of “genetic buffering” (1). As Waddington 
demonstrated, stressful environmental con­
ditions compromise the genetic buffering 
system, leading to the breakdown of nor­
mal development and enabling the expres­
sion of cryptic genetic variation as visible 
phenotypic changes. Recently, heat shock 
proteins (HSPs), a type of molecular chap­
erone, have been implicated in the genetic 
buffering of the fruit fly Drosophila. Now, 
Queitsch et al. (2) report in a recent issue 
of Nature that the chaperone HSP90 pro­
vides genetic buffering in Arabidopsis and 
may contribute to the evolutionary adapta­
tion of this plant. 
HSPs are induced by high-temperature 
stress in organisms as diverse as bacteria, fun­
gi, plants, and animals. These molecular chap­
erones prevent irreversible aggregation of de­
natured proteins after heat or other protein-de­
naturing stresses. They also bind to a range of 
client proteins that are crucial for regulating 
growth and development. The evolutionary 
conservation of the heat shock response, and 
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the fact that expression of HSPs correlates 
with high-temperature stress suggests that ac­
cumulation of HSPs increases thermotoler­
ance. This prediction is borne out by numer­
ous studies in animal and plant cells. For ex­
ample, Arabidopsis plants that overexpress 
HSP101 exhibit increased resistance to heat 
stress (3). Furthermore, after heat stress a low 
molecular weight HSP in plant chloroplasts 
stabilizes photosystem II proteins that pro­
duce oxygen, and also 
maintains electron transport 
in photosystem II (4). There 
are strong correlations be­
tween the heat shock re­
sponse and survival (5), spe­
cific leaf area (6), and other 
ecologically important traits. 
However, without genetic or 
biochemical experiments, it 
is difficult to calculate the 
extent to which HSPs con­
tribute to genetic buffering 
in plants. 
In Drosophila, natural 
genetic variation and muta­
tions induced by genetic en­
gineering reveal that HSP70 
is important for inducing 
thermotolerance. Trans­
genic flies that overexpress 
HSP70 are better able to re­
sist heat stress (7). Natural 
genetic variants (polymor­
phisms) in wild fly popula­
tions can be selected for in 
the laboratory. For example, 
Bettencourt et al. (8) selected genetic variants 
of the HSP70 promoter in Drosophila that 
correlated with altered regulation of HSP70 
gene expression. They found that different 
variants rose to a high frequency in five labo­
ratory fruit fly populations that had been 
grown at different temperatures for 20 years. 
Intriguingly, these variants showed similar 
patterns of allele frequencies along a latitudi­
nal transect of Australia with a wide variation 
in climate. Both studies suggest that environ­
mental temperature stresses result in selec­
tion of particular HSP70 variants in both wild 
and laboratory fruit fly populations. 
In both animal and plant cells, the 
HSP90 chaperone has a limited number of 
crucial client proteins that it keeps in a state 
of activation, including steroid hormone re­
ceptors, signaling kinases, and a variety of 
transcription factors (9). In the fruit fly, 
pharmacological blockade of HSP90 activi­
ty causes selective inactivation or degrada­
tion of these client proteins, resulting in de­
velopmental abnormalities and numerous 
morphological changes in many structures. 
Likewise, HSP90 inhibitors display antitu­
mor activity, altering the expression of cell 
cycle genes (10). Given their direct interac-
A cereal’s ancestor. Teosinte (Zea 
mays ssp. parviglumis), the wild 
ancestor of modern maize, from 
the Balsa River region of Mexico. 
tions with signal transduction proteins and 
other regulatory proteins, HSPs are predict­
ed to influence physiological and morpho­
logical variations, and hence are good can­
didate genetic buffering molecules. 
In a previous study in fruit flies, Ruther­
ford and Lindquist (11) revealed that HSP90 
buffers against expression of genetic varia­
tion by stabilizing the protein constituents of 
signal transduction pathways. When HSP90 
activity was impaired either 
by mutation or by pharma­
cological blockade, a con­
siderable number of pheno­
typic variants appeared. The 
authors selected several phe­
notypic variants in the HSP-
compromised flies over a 
few generations. They found 
that the new morphological 
traits were expressed in flies 
even when HSP90 activity 
was restored to wild-type 
levels (an example of genet­
ic assimilation). Further­
more, under high-tempera­
ture stress conditions, these 
same morphological vari­
ants appeared in wild-type 
fruit fly populations, pre­
sumably because HSP90 
had been recruited to the 
heat shock response and 
was no longer available to 
buffer the regulatory path­
ways influencing these phe­
notypes. Rutherford and 
Lindquist argued that the buffering capacity 
of HSP90 could contribute to evolution.  
In their new work, Lindquist and co-work­
ers (2) chose a completely different organism, 
Arabidopsis, in which to seek a parallel exam­
ple of HSP90 buffering capacity with similar 
evolutionary implications. In contrast to ani­
mals, plant development is highly plastic and 
intimately connected with environmental cues. 
For several strains of Arabidopsis, pharmaco­
logical or heat-induced reductions in HSP90 
activity produced a variety of morphological 
variants, such as those with altered color and 
presence of true leaves, shape and expansion 
of cotyledons, root morphology, and orienta­
tion of seedlings. These developmental abnor­
malities were strain-specific, suggesting that 
HSP90 does indeed buffer hidden genetic vari­
ation. Lindquist and colleagues propose that 
HSP90 regulates release of hidden genetic 
variation, generating morphological changes 
that may contribute to adaptive evolution. 
However, the evolutionary potential of newly 
revealed genetic variation may differ between 
Drosophila and Arabidopsis. HSP90 inactiva­
tion results in grossly abnormal morphologies 
and reduced survival in Drosophila, hence 11. S. L. Rutherford, S. Lindquist, Nature 396, 336 (1998). 
12. N. Lauter, J. Doebley, Genetics 160, 333 (2002). these cryptic genetic variants may not be evo­
lutionarily advantageous. In contrast, HSP90 
blockade in Arabidopsis induced numerous 
morphological variants with good survival fre­
quencies in the laboratory. 
Although genetic and pharmacological 
manipulation of HSP90 in Drosophila and 
Arabidopsis in the laboratory unveils cryp­
tic genetic variation, the crucial question is 
whether extant hidden genetic variation ac­
tually contributes to evolutionary change in 
the field. A recent study by Lauter and 
Doebley in maize (12) suggests that it may. 
These authors analyzed three morphologi­
cal traits that distinguish maize from its 
wild ancestor, teosinte, but that are uniform 
within ancestral teosinte populations (see 
the figure). Quantitative trait locus (QTL) 
mapping of variations in a testcross teosinte 
population identified 22 QTLs controlling 
morphological traits that are normally in­
variant in teosinte populations. Thus, the 
evolution of modern maize may have drawn 
upon cryptic genetic variation that already 
existed in teosinte. 
HSPs are excellent candidates for the ge­
netic buffering system that Waddington pre­
dicted in the 1940s. The Lindquist laboratory 
(2, 11) has certainly demonstrated that tem­
perature stress or HSP inhibition reveals po­
tentially adaptive variation. But do HSPs ac­
tually buffer adaptive genetic variation in the 
field, and does release of this variation drive 
adaptation? To address these questions, evo­
lutionary biologists will need to show that 
cryptic variation can be adaptive (as suggest­
ed by the work of Lauter and Doebley), and 
must also demonstrate that HSP90 is respon­
sible for keeping this cryptic variation hid­
den. This will require experiments demon­
strating that adaptive evolution differs be­
tween HSP–wild-type and HSP-compro­
mised plant or fruit fly populations. 
It is clear that HSPs are important for 
regulating gene expression and for induc­
ing thermotolerance. But we have much 
more to do if we want to obtain convincing 
evidence that breakdown of HSP-mediated 
buffering is an important contributor to 
adaptive evolution in animals or plants. 
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